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Section 1
Transmittal Letter

National Aeronautics and
Space Administration

Langley Research Center
Hampton, VA 23681-2199

Reptyto Aot 121 January 16, 2004
TO: NASA Headquarters
Attn: R/Associate Administrator, Office of Aeronautics
FROM: 121/Chairperson, Helios Prototype Aircraft Mishap

SUBJECT:  Investigation Report of the Helios Prototype Aircraft Mishap

Reference your letter dated June 27, 2003, which established the Helios Prototype Aircraft
Mishap Investigation Board and defined the Board’s responsibilities.

The Mishap Investigation Board has completed its investigation. This memorandum transmits
the written report of the Board’s activities and findings.

Thomas E. N

3 Enclosures:

Hard Copy of Written Report
CD of Written Report

DVD of Mishap
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Section 3
List of Members, Advisors, Observers, and Others

The Associate Administrator, Office of Aeronautics, National Aeronautics and Space
Administration (NASA) established the Board on 27 June 2003, to investigate the Helios
prototype aircraft mishap. The Memorandum of Appointment is included as Document B.1 in
Appendix B, Volume II. The Mishap Investigation Board (MIB) was identified in the
Memorandum of Appointment, however to be consistent with NASA policy defined in

NPG 8621.1, a letter (Document B.2 in Appendix B, Volume 11) dated 14 August 2003, was
prepared by the Board Chairperson that specifically identified the Ex officio member to the
Board and the advisors to the Board. With these changes, the MIB consisted of the following
individuals with the assigned responsibilities:

Chairperson: Dr. Thomas E. Noll, Deputy Director, Structures and Materials Competency,

(voting) Langley Research Center (LaRC)
Members: Dr. John M. Brown, Meteorologist, National Oceanic and Atmospheric
(voting) Administration (NOAA), Forecast Systems Laboratory

Dr. Marla E. Perez-Davis, Chief, Electrochemistry Branch, Glenn Research
Center (GRC)

Mr. Stephen D. Ishmael, Special Assistant to the Director, Dryden Flight
Research Center (DFRC)

Mr. Geary C. Tiffany, Chief, Aviation Management Office, Ames Research

Center (ARC)
Ex-officio Mr. Matthew Gaier, NASA Aviation Safety Manager, Office of Safety &
Member: Mission Assurance, NASA Headquarters
(nonvoting)
Advisors: Mr. Bart Henwood, Aviation Safety Manager, DFRC

(nonvoting) Mr. John Madura, Weather Office, Kennedy Space Center (KSC)
Mr. Ted Wierzbanowski, Managing Director, AeroVironment, Inc. (AV)

Supporting Mr. Robert Anderson, Office of Aeronautics, NASA Headquarters
Staff: Mr. Gary Krier, Flight Operations, DFRC
(nonvoting) Mr. Vance Brand, Aerospace Projects, DFRC
Mr. John Sharkey, Aerospace Projects, DFRC
Mr. Larry Crawford, Research Engineering, DFRC
Mr. Lawrence Davis, Office of Safety and Mission Assurance, DFRC
Ms. Jennifer Baer-Reidhart, Public Affairs, DFRC
Mr. David Samuels, Chief Counsel, DFRC



The Memorandum of Appointment authorized the Board to:

(1) Obtain and analyze whatever evidence, facts, and opinions it considers relevant. The
Board will use reports of studies, findings, recommendations, and other actions by NASA
officials and contractors. The Board may conduct inquiries, hearings, tests, and other
actions it deems appropriate. The Board may take and receive privileged statements from
witnesses.

(2) Impound property, equipment, and records as necessary.

(3) Determine the actual cause(s) or if unable, determine probable cause(s) of the Helios
Prototype Aircraft Mishap, and document and prioritize their findings in terms of
(a) proximate cause(s) of the mishap, (b) root cause(s), and (c) contributing factor(s), and
(d) significant observation(s).

(4) Develop recommendations for preventive or other appropriate actions.

(5) Provide a verbal report to the Associate Administrator, Office of Aeronautics, as soon as
possible, and a final report in the format specified in NPG 8621.1.

(6) Provide a lessons learned summary.

(7) Perform any other duties that may be requested by the Associate Administrator, Office of
Aeronautics.



Section 4
Executive Summary

The Helios Prototype vehicle was one of several remotely piloted aircraft funded and developed
by NASA under the Environmental Research Aircraft and Sensor Technology (ERAST) project,
and managed by NASA’s Dryden Flight Research Center (DFRC). This vehicle was a proof-of-
concept, propeller-driven, flying wing built and operated by AeroVironment, Inc. The vehicle
consisted of two configurations. One configuration, designated HP01, was designed to operate at
extremely high altitudes using batteries and high-efficiency solar cells spread across the upper
surface of its 247-foot wingspan. On 13 August 2001, this aircraft configuration reached an
altitude of 96,863 feet, a world record for sustained horizontal flight by a winged aircraft. The
other configuration, designated HP03, was designed for long-duration flight. The plan was to
use the solar cells to power the vehicle’s electric motors and subsystems during the day and to
use a modified commercial hydrogen—air fuel cell system for use during the night. The vehicle
was also equipped with batteries as a backup source of power. The aircraft design used wing
dihedral, engine power, elevator control surfaces, and a stability augmentation and control
system to provide aerodynamic stability and control.

On 26 June 2003, HPO3-2 took off at 10:06am local time from the Navy’s Pacific Missile Range
Facility (PMRF) located on the island of Kauai, Hawaii. The aircraft was under the guidance of
AeroVironment, Inc. (AV) ground-based mission controllers. At that time the environmental
wind conditions appeared to be within an acceptable envelope, and consisted of a wind shadow
over and offshore from PMRF, bounded to the north, south, and above by zones of wind shear
and turbulence separating this region from the ambient easterly trade-wind flow. However,
compared to previous solar-powered flights from PMRF, HP03-2 was subject to longer exposure
to the low-level turbulence in the lee of Kauai due to the shallower climb out trajectory. The
vehicle’s longer exposure to Kauai’s lee side turbulence and lower shear line penetration were
superposed on what the Board now recognizes as greater airplane sensitivity to turbulence and
may have been compounded by the apparent narrow corridor between the shear lines noted by
the chase helicopter observer.

At 10:22am and 10:24am, the aircraft encountered turbulence and the wing dihedral became
much larger than normal and mild pitch oscillations began, but quickly damped out. At about
30 minutes into the flight, the aircraft encountered turbulence and morphed into an unexpected,
persistent, high dihedral configuration. As a result of the persistent high dihedral, the aircraft
became unstable in a very divergent pitch mode in which the airspeed excursions from the
nominal flight speed about doubled every cycle of the oscillation. The aircraft’s design airspeed
was subsequently exceeded and the resulting high dynamic pressures caused the wing leading
edge secondary structure on the outer wing panels to fail and the solar cells and skin on the upper
surface of the wing to rip off. The aircraft impacted the ocean within the confines of the PMRF
test range and was destroyed. The crash caused no other property damage or any injuries to
personnel on the ground. Most of the vehicle structure was recovered except the hydrogen-air
fuel cell pod and two of the ten engines, which sank into the ocean.



The root causes of the mishap include:

e Lack of adequate analysis methods led to an inaccurate risk assessment of the effects of
configuration changes leading to an inappropriate decision to fly an aircraft configuration
highly sensitive to disturbances.

e Configuration changes to the aircraft, driven by programmatic and technological
constraints, altered the aircraft from a spanloader to a highly point-loaded mass
distribution on the same structure significantly reducing design robustness and margins of
safety.

The aircraft represents a nonlinear stability and control problem involving complex interactions
among the flexible structure, unsteady aerodynamics, flight control system, propulsion system,
the environmental conditions, and vehicle flight dynamics. The analysis tools and solution
techniques were constrained by conventional and segmented linear methodologies that did not
provide the proper level of complexity to understand the technology interactions on the vehicle’s
stability and control characteristics. As a result, key recommendations include:

e Develop more advanced, multidisciplinary (structures, aeroelastic, aerodynamics,
atmospheric, materials, propulsion, controls, etc) “time-domain” analysis methods
appropriate to highly flexible, “morphing” vehicles.

e Develop ground-test procedures and techniques appropriate to this class of vehicle to
validate new analysis methods and predictions.

e For highly complex projects, improve the technical insight using the expertise available
from all NASA Centers.

e Develop multidisciplinary (structures, aerodynamic, controls, etc) models, which can
describe the nonlinear dynamic behavior of aircraft modifications or perform incremental
flight-testing.

e Provide adequate resources to future programs for more incremental flight-testing when
large configuration changes significantly deviate from the initial design concept.

During the course of this investigation the MIB discovered that the AV/NASA technical team
had created most of the world’s knowledge in the area of High Altitude-Long Endurance
(HALE) aircraft design, development, and test. This has placed the United States in a position of
world leadership in this class of vehicle, which has significant strategic implications for the
nation. The capability afforded by such vehicles is real and unique, and can enable the use of the
stratosphere for many government and commercial applications. The MIB also found that this
class of vehicle is orders of magnitude more complex than it appears but that the AV/NASA
technical team had identified and solved the toughest technical problems. Although more
knowledge can and should be pursued as recommended in this report, an adequate knowledge
base now exists to design, develop, and deploy operational HALE systems.

10



Section 5
Method of Investigation, Board Organization,
and/or Special Circumstances

This report summarizes the combined efforts of an independent MIB investigation and AV’s
internal investigation. This section of the report describes the procedures used by the Board in
conducting its investigation. Volume 111, Appendix E provides short summaries of the AV
documents referenced in this report including Document #25, which describes the details of the
AV internal investigation. NASA Form 1627 (NASA Mishap Report) is included as Appendix
A in Volume I1.

Methods Used During MIB Investigation
The methods used by the MIB during its investigation included the following:

Reviewing witness statements and conducting interviews (Volume 1V);
Impounding project operational and programmatic records;
Establishing a mishap data archive;

Receiving information/background briefings from AV and NASA personnel and from
project consultants;

Photographing and inspecting damaged components of the aircraft;

Videotaping recovery operations;

Viewing the operational areas of the PMRF;

Viewing available film, video, and photos (Document C.1 in Appendix C, Volume I1);
Reviewing all existing pertinent electronic and printed information;

Inspecting the operational facilities used by the project team including the stationary and
mobile pilot stations, the data acquisition system, the telemetry data system, all weather
related equipment, and areas manned by dynamics, stability and controls, and
meteorological specialists, and those areas manned by the Flight Director and Mission

Planning Engineer;

Forming independent working groups (IWG) to perform analyses and tests in support of
the MIB;

Performing a root cause analysis, constructing an Events and Causal Factor Tree,
identifying significant observations, and developing recommendations and lessons
learned.

11



Investigation Organizer (10)

Because this investigation involved Board/supporting members and investigation sites that were
widely distributed geographically, and because the information being reviewed was extensive
and quite diverse in terms of categories of evidence and technical disciplines, the MIB elected to
use the ARC 10 system, a web-based, information-sharing tool. The usefulness of the 10 system
to the MIB is that it combined the functionalities of a database, a document-sharing system, and
a hyper-linked information navigation system. It also organized investigation information into
technical and management subgroups, and it allowed browsing and downloading of documents
so that pertinent information could be found and readily accessed in a timely manner. The 10
system was configured to meet the distinct needs of the MIB and IWG, which allowed the MIB
to store information gathered during the investigation or developed by the IWG in a systematic
manner so that directions selected and tasks identified by the Board could be tracked. The
development of the 10 tool was facilitated by Mr. Geary Tiffany; Ms. Anita Abrego and

Mr. Theodore Forsyth of ARC were instrumental in setting up and maintaining the tool.

MIB Meetings

The MIB formally met on three occasions between the time of the mishap and the submittal of
the draft report to the Associate Administrator, Office of Aeronautics. The MIB was formed on
27 June 2003, the day after the mishap, and met for the first time on the Hawaiian Island of
Kauai on 29 June. An interim chair was designated and on-site by the day after the mishap. For
the next 10 days all members of the MIB took up a working station at the AV/NASA outpost at
the PMRF to conduct their onsite investigation. After 9 days of investigation, the MIB
constructed a preliminary Events and Causal Factor Tree for the mishap, developed an initial list
of potential contributing causes and significant observations, developed a list of pertinent
documents required for their review, developed a list of action items required of AV and NASA
project members, and began planning the IWG activities.

Near the end of onsite investigation, the MIB summarized their experiences and interactions with
onsite NASA, AV, and Navy personnel as follows:

e The NASA, AV, and Navy personnel provided outstanding support to the MIB.

e The personnel interviewed were very forthcoming and were eager to assist in any way to
help investigate the accident.

e The NASA and AV technical leaders were proactive in the investigation and aggressive
in self-criticizing their actions.

e The technical team members were highly multidisciplinary, technically strong, and very
motivated and enthusiastic.

e The test team was very process/procedural oriented and followed a highly documented
test methodology for guidance.

e Team synergy between the NASA and AV personnel was excellent.

12



e The on-site weather team was enthusiastic and well integrated into the flight crew.

During the week of 4 August 2003, the MIB met at the AV facility (August 4 through 6) in Simi
Valley, California, and at the DFRC on 7 August. During this time the MIB:

e Obtained status reports of ongoing AV and IWG investigations;

e Defined objectives, user authorizations, input data categories, and input data
accountability for the 10 system;

e Further refined, assessed, and debated the Events and Causal Factor Tree analysis, the
preliminary root and contributing causes, and the observations developed in Kauai.

At DFRC, the MIB received a briefing on NASA’s Helios Recovery Plan and the HAULE
Uninhabited Aerial Vehicle (UAV) Development Strategy and provided recommendations for
additional long-term research in various technical disciplines which would have significant
impact on the design, development, and testing of Helios type aircraft. In addition, the vehicle
debris was again inspected, as there was evidence that the right wing main spar might have been
damaged prior to impacting the water. As a result of this review, components of the right main
wing spar from the wing tip to the section just inboard of the right wing hydrogen fuel tank were
shipped to LaRC for further evaluation. The remaining aircraft debris, with the exception of the
left main wing spar just inboard of the hydrogen fuel tank, all recovered motors and propellers,
and the flight control computers, were released from impoundment for return to AV or for
disposal.

During the week of 3 November 2003, the MIB again met in Simi Valley, California. The MIB
reviewed and debated progress made by AV and the IWGs, discussed the conclusions proposed
by the teams, reviewed and closed-out various paths in the Events and Causal Fault Tree analysis
based on supporting documentation, and finalized the findings and recommendations for the final
report.

In addition to these formal MIB meetings and IWG investigations facilitated by Board members,
the Board held MIB weekly telecons and prepared weekly status reports for the Associate
Administrator. There were also several meetings held at the AV facility in Simi Valley,
California, by the various IWGs, and there were numerous IWG telecons each week of the
investigation to insure continuous progress, alleviation/elimination of any roadblocks to
progress, and coordination of activities.

Independent Working Group

To assist in performing analyses and tests required by the investigation, the MIB formed IWGs.
Although the studies performed by the IWGs were initially envisioned to be separate along
technical disciplines, the behavior of the Helios aircraft during the mishap indicated that the
instability was most likely a highly complex interaction involving the flexible structure, the
unsteady aerodynamics, the flight control system, the propulsion system, the vehicle flight
dynamics, and the weather conditions.

13



The four IWGs formed by the Board are listed below. Also provided is a brief description of the
tasks performed, the Board member(s) who facilitated each activity, and those individuals who
contributed greatly to the investigation. The technical reports prepared by the IWGs are found in
Appendix D in Volumes Il and I11; each report is summarized in Section 8 of this report.

e Structural and Control System Modeling
Facilitated by Mr. Steve Ishmael (DFRC) and Mr. Ted Wierzbanowski (AV):

This activity investigated the complex interactions that took place resulting in the aircraft
achieving very high persistent wing dihedrals, a highly unstable dynamic instability, and
loss of control.

Contributions were provided by: Anthony Pototzky, Rob Scott, Walt Silva,
Danniella Muheim, David Sleight, and John Wang (LaRC); Bob Clarke, Marty Brenner,
and Chan-Gi Pak (DFRC); and Derek Lisoski, Dana Taylor, and Bart Hibbs (AV).

e Power and Propulsion
Facilitated by Dr. Marla Perez-Davis (GRC)

This investigation developed a complete understanding of the Helios power system,
which included the motors, propellers, the onboard batteries, the solar cell system, the
hydrogen-air fuel cell system, and the control system that ties these components together.

Contributions were provided by: Anastacio Baez, Thomas Miller, and Mark Kankam
(GRO).

e Structural Integrity
Facilitated by Dr. Thomas Noll (LaRC)

This study involved performing a material and structural inspection and a structural
analysis to determine if the right wing main spar damage occurred prior to or during the
breakup of the vehicle following departure from controlled flight, and obtaining an
assessment of the main wing spar structural integrity prior to the mishap.

Contributions were provided by: Damodar Ambur, David McGowan, and Gary Farley
(LaRC).

e Environment
Facilitated by Dr. John Brown (NOAA) and Mr. John Madura (KSC)

This contracted investigation resulted in simulations and actual flight measurements of

turbulence to better understand the overall flow patterns in the vicinity of Kauai, and the
airflow turbulence induced by flow over and around the island.

14



Contributions were provided by: Bob Sharman (National Center for Atmospheric
Research, NCAR), and Duane Stevens and John Porter (University of Hawaii, UH), and

included the use of the Air Force Research Laboratory’s (AFRL) Maui High Performance
Computing Center (MHPCC) at the UH.
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Section 6
ERAST and Helios Background

This section of the report provides a brief overview of the ERAST program from the Pathfinder
vehicle up to the development of the Helios Prototype HP03-2, the vehicle involved in the
mishap. The objective of this section of the report is to introduce the reader to the evolutionary
process that the program went through and the decisions made that resulted in HP03-2
configuration. Much of the information in this section was taken from Documents #24 and #27
found in VVolume 111, Appendix E.

ERAST Program and the JSRA

In 1994, NASA and industry created the ERAST Alliance to further mature HALE UAV
technology. The ERAST Alliance was a unique government-industry partnership that was
intended to develop both a strong science capability and commercial applications for this class of
vehicle. The procurement approach used by NASA to implement the program with the alliance
companies, which included AV, was the Joint Sponsored Research Agreement (JSRA).

The primary objectives of the ERAST program were to develop UAV capabilities for flying at
extremely high altitudes and for long durations, demonstrate payload capabilities and sensors for
atmospheric research, address and resolve UAV certification and operational issues, demonstrate
the UAV usefulness to scientific, government, and civil customers, and foster the emergence of a
robust UAV industry in the U.S. The JSRA approach afforded a reasonable amount of flexibility
during the procurement process in that the Federal Acquisition Regulations were used as
guidelines rather than rules. During the vehicle development and flight operations phases,
NASA safety regulations were not required to be specifically followed, allowing each party to
implement their process for assuring a successful outcome. Partners were introduced to the
NASA DFRC airworthiness and safety process thus providing insight into DFRC approach for
reviewing the vehicle design and operational procedures. Additionally each partner submitted
annual plans for government approval, specifying milestones and top-level objectives for
development and test.

Although the program followed a traditional vehicle development process, the JSRA facilitated
an accelerated development schedule resulting in rapid prototyping with smaller budgets to
complete program milestones. Under the JSRA, NASA provided ERAST program management
and oversight, flight test facilities, operational support, and cost reimbursable funding for the
development efforts. AV provided project management, subsystem test facilities, aircraft
development and flight operations, and cost sharing. The primary benefits to NASA were direct
participation in the development of new enabling technologies, training for NASA personnel,
annual flight demonstrations, access to new HALE aircraft capabilities, and positive educational
outreach activities and public relations. The primary benefits to AV were a source of funding for
maturing HALE technologies, training for AV personnel, and the creation of and title to aircraft
developed under the program.

In 2002, NASA and AV entered into a separate JSRA that focused on furthering the development
of and transitioning the HALE aircraft to other government and civil applications beyond the end
of the ERAST program.
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Evolution of the Spanloader Configurations to the 3 Point Mass HP03

The HPO3, the aircraft involved in the mishap, was the fifth generation of all-wing aircraft
designed and built by AV at its Design Development Center in Simi Valley, California, as
technology demonstrators for future solar-powered high-altitude aircraft platforms for science
and commercial missions. Figure 6.1 shows the relative sizes of the 5 vehicle configurations that
evolved from 1994 ending with the HPO3 (the long-endurance configuration).

Pathfinder (1981-1997)
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Figure 6.1 - Solar Aircraft Evolution through the ERAST Program

In the next few paragraphs, each vehicle listed in Figure 6.1 and the significant accomplishments
associated with those vehicles are briefly reviewed to provide a clear understanding of how the
ERAST program and the HALE vehicles evolved from 1994 into 2003, and what were the
circumstances that ultimately led to a decision to fly the HPO3 aircraft on 26 June 2003.
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Pathfinder: The first generation HALE vehicle was the Pathfinder, a flying wing with a
wingspan of about 100 feet powered by six battery-operated electric motors. The vehicle had
two underwing pods, which contained the landing gear, the batteries, the instrumentation system,
and the flight control computer. Pathfinder was the technology test bed for developing many of
the enabling technologies and processes for solar-powered stratospheric flight. These
technologies included:

e lightweight composite structures

low wing loading flying wing

e redundant and fault tolerant flight control system

e lightweight and low power avionics systems

e low Reynolds number aerodynamics

e high efficiency electric motors

e thermal control systems for high altitude flight

e high specific power solar array

e stratospheric flight operations
With the addition of solar cells covering the entire upper surface of the wing, Pathfinder set a
solar-powered altitude record of 50,500 feet at the DFRC on 11 September 1995. After further
modifications, the aircraft was moved to the U.S. Navy's PMRF on the Hawaiian island of Kauai.
In the spring of 1997, Pathfinder (Figure 6.2) raised the altitude record for solar-powered
aircraft, propeller-driven aircraft, to 70,500 feet. During this flight, Pathfinder carried two

lightweight imaging instruments to learn more about the island's terrestrial and coastal
ecosystems, demonstrating the potential of such aircraft as platforms for scientific research.

18



Figure 6.2 - Pathfinder During its Altitude Record Setting Flight

Pathfinder Plus: The Pathfinder Plus vehicle was the next step leading to the Helios Prototype.
The Pathfinder aircraft was enlarged to a 120-foot wing span aircraft by using four of the five
sections from the original Pathfinder wing and a new 40-foot center wing panel section. This
center wing section was of the same design as the wing section of Pathfinder Plus’ successor, the
Centurion, which was being designed to reach 100,000-foot altitude on solar power. In addition,
the number of electric motors was increased to eight. The Pathfinder Plus allowed flights to
higher altitudes and was used to flight qualify the Centurion wing panel structural design, airfoil,
and SunPower solar array. Three Pathfinder Plus flights were conducted at the PMRF. The final
flight on 6 August 1998 achieved a new record altitude 80,200 feet. These flights validated the
power, aerodynamic, and systems technologies needed for the Centurion.

Centurion: Development of the Centurion aircraft, the third generation, began in late 1996.
Originally, the ERAST goals were to build two airframes: one for demonstrating a Centurion
high-altitude (100,000-foot altitude) mission and one for demonstrating a Helios long-endurance
(96 hours at 50,000-foot altitude) mission. To begin addressing the first goal, a 1/4-scale version
of the Centurion aircraft was designed, built, and flight-tested to verify a new high-altitude
aerodynamic airfoil design and to evaluate aircraft handling qualities. Also, all of the key
technologies that were developed on Pathfinder were further improved into lightweight, more
efficient, and more robust subsystems. In 1998, the full-scale Centurion (Figure 6.3) was built.
The vehicle had five wing panels with a total wingspan of 206 feet, 14 electric motors to provide
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level flight at 100,000-foot altitude, and 4 underwing pods to carry batteries, flight control
system components, ballast, and the landing gear. In late 1998 the Centurion flew three
development test flights at the DFRC at low altitudes using battery power to verify the design's
handling qualities, performance, and structural integrity.

Figure 6.3 - Centurion During its Low Altitude Flights

Helios Prototype HPO1 (High-Altitude Configuration): In early 1999 under the constraint of
a reduced budget that could fund only one aircraft, NASA and AV agreed the best way to
proceed was to use a single airframe to demonstrate both of the ERAST goals. Based on this
plan and to demonstrate the ERAST goal of sustained flight near 100,000 feet, the Centurion was
modified from a 5-wing panel to a 6-wing panel aircraft by replacing the center wing panel with
two new stronger center wing panels and by adding a fifth landing gear. This change resulted in
the wingspan being increased to 247 feet. The aircraft continued to use 14 electric motors, with
the four center motors redistributed on the new center wing panel. Following these
modifications the name of the aircraft was changed from Centurion to the Helios Prototype, thus
becoming the fourth configuration in the series of solar-powered flying wing demonstrators.

Using a traditional incremental approach to flight testing, the Helios Prototype (HP99) was first
flown in a series of six battery-powered, low altitude, development flights in late 1999 at DFRC
to validate the longer wing's performance and the aircraft's handling qualities. Various types of
instrumentation required for the planned solar-powered high altitude and long endurance flights
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were also checked out and calibrated during these initial low-altitude flights. Four flights were
conducted to assess the high-altitude configuration and two flights, with the aircraft ballasted for
the “then” planned regenerative fuel cell system (RFCS) hardware and the solar array, were
conducted to assess the performance of the heavier configuration. At this time the long
endurance configuration was intended to use only eight electric motors.

In 2000-2001, the HPO1 was upgraded with new avionics, high altitude environmental control
systems, and a new SunPower solar array (62,000 solar cells), and on 13 August 2001 flying out
of the PMREF, the aircraft (Figure 6.4) reached an altitude of 96,863 feet, a world record for
sustained horizontal flight by a winged aircraft.

Figure 6.4 - HP01 High-Altitude Configuration

Fuel Cell Development: In late 1998, NASA and AV started the preliminary design and
development of the RFCS for the long endurance demonstration planned for 2003. A conceptual
design review for the aircraft with a RFCS was held in May 1999 and a preliminary design
review (PDR) was held in September 1999. NASA and AV committed to the development of
the RFCS in October 1999 and, soon after, AV and two fuel cell subcontractors started the
development of the RFCS. By the summer of 2001, a prototype, full-scale fuel cell pod was
built, but the hydrogen-oxygen fuel cells and electrolyzers under development were not working
reliably. It was clear at that time that designing, building, and testing two flight weight RFCS
pods for the long endurance demonstration would not be possible with the time and budget
remaining to the program.
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During October-November 2001, NASA and AV sponsored independent technical reviews to
assess the progress in the RFCS development. Based on these assessments, AV approached
DFRC management with a proposal to change from a RFCS to a consumable primary fuel cell
system (PFCS). The primary motivation for the proposed change was two-fold: 1) a PFCS,
derived from existing fuel cell components in the automotive industry, could be designed, built,
and tested within the current schedule and budget constraints, and 2) a Helios UAV with a PFCS
would have a 7-14 day duration capability. This latter factor was important because AV thought
that they could attract other commercial and Department of Defense (DOD) customers and bring
this HALE capability to market sooner. In December 2001, NASA and AV decided to switch to
the PFCS and began the development and modifications needed to the HPO1 aircraft for the 2003
demonstration. Since 2003 was the last year of the ERAST program, a major milestone had to
be accomplished without the possibility of schedule or budget relief. This contributed to the
decision to switch to the primary fuel cell as a risk reduction. It also made it harder to consider
other risk reduction efforts such as a low-altitude flight test at the DFRC.

Helios Prototype HP03 (Long-Endurance Configuration): The primary objective of the 2003
flight test program was to use a hydrogen-air fuel cell to sustain flight overnight at 50,000 feet.
The aircraft to be used for the long endurance demonstration in 2003 was designated the HP03.
The PDR and Critical Design Reviews (CDR) for this aircraft were held in February 2002 and in
August 2002, respectively. In addition, separate independent technical reviews were conducted
from November 2002 through January 2003 to review the aircraft configuration changes,
structural loads, stability and control, and aeroelastic models and predictions. Based on these
design reviews, a decision was made to strengthen the wing tip spars so that their structural
margins would be consistent with the structural margins along the rest of the wing spar under the
design load conditions.

NASA and AV also recognized that the structural, stability and control, and aeroelastic margins
of safety were less on the HP03 than on the HPO1. However, these margins were still sufficient
to conduct the 2003 long endurance flight demonstration. It was also recognized that the mass
distribution for HP03 was significantly different than the mass distribution of the initially
proposed demonstrator with a RFCS system. The aircraft with the RFCS would have required
only two regenerative fuel cell pods located at about 1/3 the distance from the vehicle centerline
to the wing tip. The aircraft with the PFCS installed was more point loaded in that 3 pods were
required. The heavy primary hydrogen-air fuel cell pod (520 Ibs) was located at the centerline of
the aircraft and the 2 high-pressure hydrogen fuel tanks (165 Ibs each) were located at the center
of each wing tip panel. A schematic of the PFCS is provided in Figure 6.5.

22



19.0% AMO Solar Cell Array

Primary Hydrogen/Air Fuel Cell Pod

[ 16.5FT l 10.5 FT
. —]

=
T T —
Electronic Boxes “ T
Warm Box Fuel Cell
Other ESS Components
Ram Air Heat Exchanger
Turbo Compressor
Primary Hydrogen/Air Fuel Cell Pod Standard Avionics Pod

|

- 247FT -
B P—h
A A 4 A = A~ 4 U

Under Wing Fuel Storage Tanks (2)
188L Per Tank
(15 1b H2 Per Tank)
20" Dia. x 65" Long

—n

Primary H2/Air Fuel Cell
188 Cell, 800cm2, 18kW, 5 psia
Single Stage Air Compressor
5000 psi Gas Storage

Figure 6.5 - Schematic of HP03 Hydrogen-Air Fuel Cell Configuration

Aircraft Modifications Following HP01 Flights: By the end of 2002, the PFCS was
designed and fabricated, and the aircraft was modified. Primary modifications to the
aircraft included:

e Center pod was replaced with a fuel cell pod weighing approximately 520 Ibs;

e Two hydrogen fuel tanks weighing approximately 165 Ibs each (including 15 Ibs of
hydrogen) were added beneath the wings on the wing tip panels at motor pylon
locations #2 and #13. Hydrogen supply lines and data lines were added between
these tanks and the fuel cell pod,;

e Motors on pylons #2, 6, 9, and 13 were removed resulting in 10 motors;
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e Spar strengthener in the form of a concentric tubular inner spar was added to the tip
panel spars;

e Aluminum center joiner tube was replaced with a lighter weight carbon fiber tube;
e Pathfinder propellers optimized for flight at 65,000-foot altitude were installed;

e Tip panel incidence was reduced to 0 degrees; the high altitude configuration had 1
degree of incidence on the tip panels;

e Front row of solar cells on center wing panels and the first two front rows from mid
and wing tip panels were removed,

e Servos from wing tip panels were removed and the wing tip panel elevators were
fixed at —2.5 degrees offset (trailing edge up);

e Wing tip landing gear was installed,;

e Hydrogen feed lines from outboard hydrogen tanks to center fuel cell pod were
installed;

e Flight control system autopilot gains were revised and gain scheduling with airspeed
was made available;

e Three battery packs were reconfigured into pod 2 and pod 4 to mass balance the
aircraft.

By April 2003, testing of the PFCS was completed and integrated into the aircraft, and all
combined systems tests were accomplished. The final gross weight for the HP03 was
2,320 Ibs as compared to the 1,585 Ibs gross weight of HPO1 during its altitude record
flight in 2001, an increase of 735 Ibs.

HPO03 Characteristics: The HPO3 load carrying structure was constructed mostly of
composite materials. The main wing spar was made of carbon fiber, was thicker on the top
and bottom to absorb the bending that would occur during flight, and was wrapped with
Nomex and Kevlar to provide additional strength. The wing ribs were made of epoxy and
carbon fiber. The wing leading edge consisted of aerodynamically shaped styrofoam, and
the entire wing was wrapped with a thin, transparent plastic skin. As described earlier, the
aircraft consisted of 6 panels for a total wingspan of about 247 feet. Aerodynamically
shaped underwing pods were attached at each wing panel joint to carry the landing gear,
the battery power system, the flight control computers, and flight instrumentation. The
wing had no taper or sweep, an 8-foot wing chord (aspect ratio of 31) with a maximum
thickness of 11.5 inches (constant from wingtip to wingtip), and 72 trailing-edge elevators
spanning the entire wing.
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The aircraft was powered by 10 brushless direct-current electric motors rated at 2 hp or 1.5
kW each. The two-bladed propellers were 79 inches in diameter, made of composite
materials, and designed for high efficiency at high altitudes. To turn the aircraft in flight,
differential power was applied to 8 of the 10 motors (power to the outboard 4 motors on
one wing was increased while power to the 4 motors on the other wing was decreased).
Servomotors commanded by the aircraft’s flight control computer drove the trailing edge
elevators for pitch control. To provide adequate lateral stability, the outer wing panels had
a built-in 10-degree dihedral (upsweep), and to prevent wingtip stall during the slow
landings and turns, the wing tip had a slight upward twist.

Straight Line Flight — 15 May 2003: On 15 May 2003 the project team conducted a
successful straight-line flight test and mission dress rehearsal in preparation for the first
high-altitude flight in June. The primary objectives of the straight-line flight were to verify
the proper wing dihedral distribution of Helios by flying a short hop with a straight-ahead
landing, and to conduct all of the necessary preflight assembly and test procedures required
for a high-altitude mission. The aircraft was flown at an altitude of 2 feet above the
runway for about 10 seconds. The assessment of the flight results indicated the aircraft had
approximately the correct wing dihedral distribution, and that all of the aircraft systems, the
fuel cell pod, and the ground support equipment were working well with the exception of
the solar array. Test data from this flight allowed for fine-tuning the aircraft's mass
distribution, wing tip panel incidence, elevator settings, and flight control system gains to
help establish a safe operating envelope for high altitude flight investigations. Prior to the
first high altitude flight scheduled for June, several minor modifications were made to the
aircraft. These modifications included:

e New main battery pack installed

e Failed motor replaced

e Fuel cell pod tail fairing repaired

e Broken bus bars on the solar array repaired

e Flow meter and two pressure sensors in the fuel cell pod replaced
e Autopilot gains revised

First Flight (HP03-1) — 7 June 2003: On 7 June 2003 the first flight of the aircraft,
designated HP03-1 (Figure 6.6), was accomplished. The objectives of this flight were to:

e Demonstrate the readiness of the aircraft systems, fuel cell systems, flight control
system, flight support equipment, range support instrumentation, and procedures
required for a long duration flight;

e Validate the handling and aeroelastic stability of the aircraft with its fuel cell system
and gaseous hydrogen storage tanks installed;
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o Demonstrate the operation and the performance of the fuel cell system in the
stratosphere;

e Provide flight, fuel cell pod, and ground crew qualification training for the additional
personnel required to staff future multi-day flights.

The flight performance predictions estimated that the HPO3 was capable of approximately
30-hour flight duration at 50,000 ft altitude. During the flight, data were measured in real-
time to validate the predicted aeroelastic characteristics of the aircraft and to demonstrate that
the vehicle was aeroelastically stable at the flight conditions expected for the long-endurance
flight demonstration. The aircraft flew flawlessly thus validating the handling and
aeroelastic stability of the aircraft in smooth air. However, the flight was aborted about 15
hours after takeoff because of some leakage associated with the coolant system and
compressed air lines that feed the PFCS. Because of this leakage, the test team was unable to
start-up the fuel cell system.

Figure 6.6 - HP03-1 Flight on 7 June 2003

Aircraft Modifications Following First Flight: The turbulence levels and winds during
the first flight were uncharacteristically light. As a result there was concern that the
airspeed variations in turns, the high sideslip at low-power/low-altitude conditions (i.e.
landing), and the sensitivity of wing dihedral to power setting over the entire flight
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envelope would make the aircraft more difficult to handle and to land safely under the more
normal weather conditions that would be present in the flight test area. To address these
concerns the project team elected to make changes to the HP03-1 aircraft prior to the next
scheduled flight (26 June 2003).

Major changes made to the aircraft to improve the aircraft handling qualities, to reduce
wing dihedral sensitivity to power setting, and to increase wing dihedral at low power
included:

Motor propeller pitch was flattened from —5.5 to —8 degrees;

Power throttle scaling on the two outboard motors was reduced to 50 percent of the
center motors;

Drag mode on the tip motors was eliminated;
Wing tip panel incidence angle was increased from 0 to 0.5 degrees.
Flight control system autopilot longitudinal gains were increased by 3db;

Ratio of the airspeed hold gain to the pitch attitude damping gain was increased by a
factor of 2;

Longitudinal gain switch on the pilot’s controller multiplier was reduced,

Limiter on the value of the airspeed error integral was increased.

Second Flight (HP03-2) — 26 June 2003: The second flight of the aircraft, designated
HP03-2, took place on 26 June 2003. The objectives of the test were to:

Clear the aircraft flight envelope for the new aircraft configuration changes, and for
the 50,000 feet to 60,000 feet altitude climb/glide needed for the planned long-
duration mission;

Verify stable operation of the fuel cell and compressor at an altitude of 50,000 feet;
Achieve fuel cell pod rated flight power of 18.5 kW at 50,000 feet;

Run the fuel cell pod system for at least 2 hours to develop confidence that it can run
all night;

Perform a modest fuel cell performance sensitivity matrix so that the results can be
used to optimize the performance for a long-duration mission;

Demonstrate a rapid shutdown of the fuel cell pod and night restart on battery power.
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A precise description of the second flight, the flight involving the mishap, is provided in
Section 7.

Some Summary Comments
Table 6.1 provides a summary of key events beginning with the decision to demonstrate both a
high-altitude mission and the long-endurance mission using one vehicle.

Table 6.1 - Chronological Order of Key Events in Preparing for the HP03

e Late 1998: Initiated design of a RFCS for the planned 2003 long endurance HPO3 flight
demonstration;

e Early 1999: NASA and AV agreed to use a single airframe to demonstrate the ERAST
goals of high altitude and long endurance flight;

e May 1999: Completed CDR for the aircraft with a RFCS;
e September 1999: Completed PDR for the aircraft with a RFCS;
e October 1999: NASA and AV committed to the development of the RFCS;

e Late 1999: HPOL1 first flown in a series of six battery-powered, low altitude, development
flights at DFRC;

e 2000-2001: HPO1 upgraded with new avionics, high altitude environmental control
systems, and a new SunPower solar array;

e Summer 2001: Prototype RFCS built;

e August 2001: HPO1 reached an altitude of 96,863 feet, a world record for sustained
horizontal flight by a winged aircraft;

e October-November 2001: NASA and AV sponsored independent technical reviews to
assess the progress in the RFCS development;

e December 2001: NASA and AV decided to switch to a PFCS concept and initiated the
development and modifications to the HPO1 aircraft;

e February 2002: Completed PDR for HPO3 completed;
e August 2002: Completed CDR for HP03 completed,;
e November 2002-January 2003: Independent technical reviews completed to review

HPO03 changes, including structural loads, stability and control, and aeroelastic models
and predictions;

28



January 2003: Design, development, and fabrication of the primary fuel cell pod, and the
HPO3 aircraft modifications completed;

February 2003: PFCS testing and aircraft subsystem functional testing completed,;

12 February 2003: Mission Success Review (MSR) held with NASA and AV to review
the final aircraft configuration changes, flight operations approach, risk management
process, systems safety, and program controls;

March 2003: PFCS pod integrated to the fully assembled aircraft in Simi Valley;

12 March 2003: First Deployment Readiness Review (DRR) was conducted to assess the
system design modifications, qualification testing, airworthiness, and operational

readiness for the hydrogen tanks and ground support equipment;

13 March 2003: Aircraft combined systems testing completed to verify the transition
from PFCS pod power to main battery power;

2 April 2003: Aircraft shipped to the PMRF;

8 April 2003: Second DRR conducted to assess the system design modifications,
qualification testing, airworthiness, and operational readiness of the aircraft and the PFCS
pod;

14 April 2003: Aircraft arrives at the PMRF;

15 - 22 April 2003: Hydrogen tanks and support equipment shipped to the PMRF;
April 2003: PFCS pod shipped to the PMRF,;

27 April 2003: PFCS pod arrives at the PMRF;

28 April 2003: PFSC pod inspected, integrated to the aircraft, and functionally tested;
1 May 2003: Remote hydrogen filling station set-up and activated,

3 May 2003: Completed 9-hour aircraft systems test;

15 May 2003: Straight-line flight test completed to verify the proper wing dihedral

distribution of aircraft, and to assess all of the necessary preflight assembly and test
procedures;
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30 May 2003: Technical Briefing with NASA and AV personnel conducted to review the
ground and straight-line flight test results, flight plan, configuration changes, operational
procedures, and system safety, and to close out any remaining items prior to flight;

5 June 2003: Helios HO3-1 crew briefing held; reviewed test objectives, final aircraft
status, test timeline, safety issues, roles and responsibilities, flight plan, and weather
forecast;

7 June 2003: First high altitude flight of the HPO3 conducted to validate the handling and
aeroelastic stability of the aircraft with its fuel cell system and gaseous hydrogen storage
tanks installed, and to obtain data on the performance of the fuel cell system in the
stratosphere;

24 June 2003: Technical briefing with NASA and AV personnel conducted to review the
HPO03-1 test results, flight plan, configuration changes, operational procedures, and
system safety, and to close out of any remaining items prior to flight;

24 June 2003: Crew briefing (see Appendix F, Document F.6) held with a Go/No-Go
poll; all NASA, AV, and PMRF personnel supporting the flight test indicated a “Go” for
flight on June 26;

26 June 2003: Second high altitude flight of the HPO3 conducted.
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Section 7
Narrative Description of Mishap

This section of the report presents a very precise accounting of the project team activities
beginning late in the evening of 25 June 2003 and leading up to the mishap at 10:36am on 26
June 2003. Document C.1 (Appendix C, Volume I1) provides photographs of the vehicle and
supporting equipment from pre-flight preparation through recovery of the wreckage.

Sequence of Events Up to Mishap

Preflight: At 11:30pm on 25 June, the 10-1/2 hour Helios mission countdown started with
towing the aircraft halves out of the hangar, mating the two halves, installing both hydrogen
tanks on the outboard wing tip panels, powering up the aircraft and stationary Ground Control
Station (GCS), conducting radio frequency (RF) data link tests with the stationary GCS, and
conducting a fuel cell pod preflight test.

At 4:56am, the countdown transitioned to powering up the mobile GCS, conducting mobile GCS
data link tests, autopilot loss of link (LOL) tests, and switching aircraft power from ground
power to auxiliary battery power. All aircraft and fuel cell systems were performing well during
pre-flight testing. The local weather prediction for sunrise was light winds out of the east and
westward moving patches of low clouds. Upper level cirrus clouds had moved over the
Hawaiian Islands overnight, but were continuing northward, and forecasted to be out of the area
by take off. Figure 7.1 shows HP03-2 positioned on the transient ramp at sunrise waiting to be
towed to the solar runway.

Figure 7.1 — HP03-2 Awaiting Takeoff
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At 6:17am, the aircraft was towed to the solar runway. While being towed, a Go/No-Go review
for the flight was held in the stationary GCS with the AV flight crews and NASA. Based on the
results of all of the preflight tests, compliance with mission rules, and the weather forecast, the
team was a “Go” for flight. However, during the poll the weather forecaster indicated a ““very
marginal GO’’. Even though all the written weather constraints would be met by takeoff time,
he was concerned that the close proximity of the southern shear line would create turbulence
during climb out and with the jet stream turbulence near 35, 000 feet as suggested by the billows
in the cirrus clouds.

At 6:48am, the final aircraft preflight checks were started. All checks were nominal.

At 7:50am, the aircraft was unloaded from the transport dolly and positioned for a southbound
takeoff based on the forecast winds for a takeoff window of 8:30am to 10:30am. The initial
motor power run-up test was marginal due to the upper-level cirrus clouds blocking the sunlight.
Subsequently, the clouds moved to the north and a repeated test was successful.

At 8:52am, the new weather forecast indicated that the airfield winds would not switch to a
southerly component as predicted but would continue coming from the northwest. After some
discussion with the mobile and stationary flights crews, the Mobile Flight Director (MFD)
decided to reposition the aircraft for a northbound takeoff. The aircraft was placed back on the
dolly and moved to the south end of the runway.

By 9:30am, a quantity (sigma w) measured directly by the Sodar that is proportional to the
strength of small-scale vertical velocity fluctuations and indicative of low-level turbulence risk,
had increased from 0.4 m/sec to as high as 0.8 m/sec. Although these sigma w values did not
violate mission rules of 1.0 m/sec, the Helios Meteorologist did advise the MFD that these values
were the largest he’d seen for a takeoff, and high enough to expect light to moderate turbulence.
After 9:38am, the sigma w value edged down to 0.7 m/s. In addition at 9:36am, the tower
reported seeing white caps building offshore, indicative of the proximity of the shear lines.
Whitecaps are clearly visible in Figure 7.2.

At 9:45am, the aircraft was unloaded from the dolly and the final preflight tests were completed.
The takeoff was delayed by approximately 20 minutes while the Mobile Pilot (MP) waited for
clouds near the airfield to open up providing full solar illumination on the HP03-2 solar array
and a clear path for a westerly climb-out from the airfield. Low and high altitude weather
conditions were within the weather element limits and were characterized as typical weather
conditions for a solar aircraft flight at PMRF with the exception of the high sigma w values and
the proximity of the southern shear line. A valid flight plan showed sufficient operating margins
for the entire flight.

Takeoff: At 10:06am, about 1 1/2 hours later than planned, with winds at 7 knots from 300

degrees and scattered cumulus clouds, the MP throttled up to 50% (16 kW) for takeoff. Clouds
were shadowing parts of the runway as the aircraft lifted off (Figure 7.2). The airplane headed
out to sea as usual, however the climb rate was slightly less than normal due to cloud shadows.
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For the first ten minutes the stationary crew worked primarily at helping the mobile crew
navigate around the clouds.

Figure 7.2 - HP03-2 on Takeoff

At 10:19am, the Stationary Pilot (SP) noted that there was indication that the airplane was in
turbulence.

At 10:22am and again at 10:24am, the aircraft’s wing dihedral became larger than normal. In
both cases a mild pitch oscillation occurred. The wing dihedral returned to normal, and the
oscillation damped out. These events both occurred during the six minutes when both crews
were focused on the handoff procedure. Neither crew was aware of the high wing dihedral or the
pitch oscillations.

At 10:23am, the N716AM (helicopter chase aircraft) pilot relayed a suggested 40° right turn to
move away from whitecaps in the ocean that appeared to be associated with the island’s southern
shear line and to find smoother air. The MP concurred and turned.

Transfer of Control from MP to SP: At 10:25am, handoff of aircraft control from the MP to
the SP was completed. The actual handoff occurred during the second of the pitch oscillations
described earlier. Following the hand-off, the aircraft was at 37 ft/sec commanded airspeed. The
throttle command was set to maximize the solar array power without dipping into the batteries at
approximately 122 volts. The climb rate of the aircraft varied between about 85 and 100 ft/min.
Figure 7.3 shows the aircraft as it continued to climb.
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Figure 7.3 - HP03-2 Close-up During Climb

At 10:28am, the helicopter observer advised a 30-degree left turn to avoid the northern shear
line. The SP announced a 15-degree left turn to stay closer to the planned flight path. The actual
turn was about 20 degrees.

At 10:30am, the Planning Engineer (PE) advised the SP to maintain a northerly component in the
flight path to avoid getting too close to the southern shear line. Agreement was reached to
continue the present heading.

At 10:34am, the helicopter observer advised again that the aircraft was approaching the northern

whitecaps in the ocean, an indication a wind shear line was being approached. The helicopter
observer suggested a left turn of 20 degrees. The SP responded with a 17-degree left turn.
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The Mishap

The SP had selected the wing-tip video camera to observe the aircraft because he believed it
would give the best indication of wing dihedral and also how the aircraft was responding to any
turbulence. At 10:35am, at approximately 2,800 feet altitude as defined by the Global
Positioning System (GPS), the aircraft began experiencing airspeed excursions of around +2
ft/sec. At this time the wing-tip video indicated that the dihedral seemed high for the speed the
aircraft was flying. When looking at the video, the camera view essentially pointed at the top of
the center of the aircraft rather than the more usual view looking across the wingspan. The high
dihedral persisted (Figure 7.4), and a pitch oscillation built up, similar to what had previously
occurred but not observed and thus had not been interpreted as a potentially dangerous periodic
oscillation. The SP noted that he was continuing to see large wing dihedrals and asked the
Stability and Control Engineer (S&CE) to confirm that the correct procedure to reduce dihedral
was to increase airspeed. The S&CE concurred, and at 10:35:12am the SP selected an increase
in airspeed of 1ft/sec (37 ft/sec to 38 ft/sec). The dihedral decreased slightly then grew past 30
feet.

Figure 7.4 - HP03-2 at High Wing Dihedral

At 10:36:03am, the SP noted large airspeed fluctuations, an indication that the aircraft was
experiencing large pitching motions, and asked the DE for suggestions to stabilize the aircraft.
The airspeed excursions were about +10 ft/sec and diverging. At this point the wing-tip video
began to show large pitch excursions as the horizon was coming in and out of view. The SP
noted at 10:36:17am that he thought the airplane was in a large phugoid oscillation in that the
airspeed excursions were almost off the scale. In fact the amplitude of the unstable pitching
mode about doubled every cycle. At 10:36:23am the SP initiated the non-deferred emergency
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procedure for a pitch hard over and immediately turned the Airspeed Hold off. As Airspeed
Hold was being turned off, the vehicle was already pitching down sharply and accelerating to an
airspeed approximately two-and-a-half times the maximum design airspeed.

At 10:36:28am at these extreme conditions, the aerodynamic loads broke the leading edge foam
sections of the right wing near the hydrogen fuel tanks and then began ripping the solar cells and
skin off the upper surface of the wing. The wing-tip video continued to function for a few more
seconds and showed other portions of the aircraft starting to tear away as the aircraft continued to
destruct. The last video frames show the wing sweeping aft. This could be due to the fuel cell
weight at the aircraft centerline and increased drag outboard due to loss of the skin. Figure 7.5
shows a photograph of the aircraft as it is falling towards the ocean.

Figure 7.5 — HP03-2 Falling Towards the Pacific Ocean

At 10:37am, the aircraft impacted the ocean in mile-deep water 10 miles off the coast of Kauai,
where, upon impact, the structure including the main load carrying composite wing spars were
severely damaged (Figure 7.6). The elapsed time from the first effort to diagnose and correct the
high wing dihedral condition to the point at which the airplane began to break up in the air was
91 seconds. Figure 7.7 provides time histories of the aircraft’s pitch rate and airspeed, and the
wing dihedral for the 30-minute flight.
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Figure 7.6 — HP03-2 upon Impact with the Ocean
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Figure 7.7 — Wing Dihedral, Pitch Rate, and Airspeed History for Flight HP03-2
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Other than damage to the aircraft, there was no property damage on the ground or injuries to
personnel as a result of the mishap. Salvage teams consisting AV and NASA personnel
recovered most of the largest pieces (75 percent of the aircraft by weight) of the vehicle with the
exception of the heavier fuel cell system, which sank into the ocean. The recovered wreckage
was shipped to California and, later, parts of the right main wing spar were transported to LaRC
for further study.

Some Summary Comments

Analyses performed prior to the mishap accurately predicted the wing dihedral shape in smooth
air. These analyses also predicted that the aircraft would be unstable for a wing dihedral greater
than abo